eople are generally fairly consistent in the choices they make in selecting responses to stimuli. The term 'population stereotype' is used to describe this phenomenon, which suggests that for most people there are preferred pairings between elements in the stimulus set of a display with those in the response set of a control device. In human-machine studies, population stereotypes are usually expressed as the probability with which a response is chosen, whereas stimulus-response (S-R) compatibility is often illustrated by the speed and accuracy with which a response is elicited. It is a common finding that compatible pairings lead to faster reaction times (RTs) and lower error rates than incompatible pairings. Spatial stimulusresponse compatibility refers to situations where selection of a response is directly related to the position of a stimulus 1 .
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Basic research aimed at fundamental understanding of spatial S-R compatibility with visual stimuli has been conducted with tasks involving the pressing of a right or left key in response to a light appearing to the right or left of a fixation point on a screen. Reactions associated with spatially compatible S-R pairings were faster than those with incompatible S-R pairings [2] [3] [4] . The reduction of visual RT in spatially compatible S-R pairing has been thought to arise from a "natural" tendency to respond in the direction of stimulation. The concept of spatial compatibility, however, has been explained by the hypothesis of spatial coding which involves the mental coding of positional information of the signal and response, and the anatomical coding of responding hands. The incompatible pairing of signal and response positions requires an additional translation step in reversing the spatial codes and thus reaction time is extended and more errors are committed usually 2 .
Although research has been conducted on spatial compatibility using visual stimuli, the study of spatial compatibility with auditory stimuli is rare. Due to the fundamentally different natures of visual and auditory stimuli and the increasing importance of auditory stimuli in control consoles and other applications, the first experiment designed here investigated the spatial compatibility effect of auditory signals in transverse and longitudinal orientations. Visual and auditory displays are ubiquitous in human tasks, for example, with control consoles in cockpit operation, precise machine operation and interactive driving simulation. Consequently there is an increasing concern to understand the interactions and relationships, and in particular the compatibility between the displays and controls in such tasks. In practical situations, operators need to attend to signals of different modalities concurrently transmitted from a variety of machinery and equipment in industrial environments. Given the obvious importance of the use of two signal modalities in person-machine interfaces, the second experiment was designed to investigate the spatial compatibility effect of visual and auditory signals on longitudinally and transversely oriented axes. The understanding and interpretation of spatial cues associating the displays and control devices is a major issue to be resolved, which is important from a practical as well as theoretical perspective because a slow or incorrect decision can have serious consequences to the overall system safety and performance.
Experiment 1
The first experiment investigated spatial S-R compatibility effect for auditory signals, which were presented in transverse and longitudinal orientations relative to the operator ( Figure 1) . Two spatial S-R mapping conditions (compatible and incompatible) and two different hand conditions (uncrossed and crossed hand) were tested in each of the two different orientations (transverse and longitudinal) for all subjects.
In the transverse orientation, subjects were instructed to respond by pressing the left key to the left tone and right key to the right tone under the compatible mapping condition. The signal-key positions mapping was reversed in the incompatible mapping condition so that the left and right keys were pressed with response to the right and left tones respectively. In the longitudinal orientation, the front key and rear key were pressed in response to the front and rear tones respectively under the compatible mapping condition. The corresponding response keys for the two tones were reversed in the incompatible mapping condition. For the transverse orientation testing, subjects worked with normal posture where the left and right hands were positioned on the left and right sides respectively in the uncrossed hand condition. The positions of the two hands were reversed in the crossed hand condition. For the longitudinal testing, the right hand was assigned as the "front" hand and the left hand as the "rear" hand in the uncrossed hand condition. The positions of the two hands were reversed in the crossed hand condition ( Figure 1) .
Each trial started with the display of a green warning circle in the centre of the screen. After the warning light came on there was a 1 to 4 sec delay prior to the random presentation of an auditory tone from one of the two speakers. Subjects kept fixating the green circle and pressed the appropriate key according to the compatibility condition after detection of the tone.
Results of Experiment 1 Testing on transverse orientation
Results on transverse stimulus orientation showed that the subjects responded faster with the dominant right hand (406 ms) than with the non-dominant left hand (418 ms) (p < 0.01). With regard to the hand condition effect, the overall mean RT for the uncrossed hand condition (391 ms) was significantly shorter than that for the crossed hand condition (434 ms) (p < 0.0001). Results also showed a significant warning time effect such that reaction times were found to vary with warning time prior to stimulation (p < 0.0001). Subjects took the longest time (430 ms) to respond when the warning time was at one second and the RT then decreased with increase of warning time. The significant interaction between signal position and response key position revealed a spatial stimulus response (S-R) compatibility effect for this auditory signal test (p < 0.001). When a right auditory signal was given, subjects mean RT was 366 ms with the right key in the compatible S-R pairing and 453 ms with the left key in the incompatible S-R pairing.
Similar results were obtained for the compatible (371 ms) and incompatible (464 ms) pairing with the left auditory signal. The significant interaction between signal position and response hand (p < 0.01) revealed that dominant right hand was faster in responding to the right auditory signal. This suggested that for shortening reaction times, auditory signals should be positioned at the right hand side for operators who normally respond with their right hands. The error data were consistent with the implications of the RT data, showing that the error percentage in the compatible condition was significantly smaller than that in the incompatible condition. Besides, responses with uncrossed hand condition were more accurate than that with crossed hand condition.
Testing on longitudinal orientation
Results on longitudinal stimulus orientation showed that subjects took a shorter time to respond to the front auditory signal (560 ms) than to the rear one (577 ms) (p < 0.05), suggesting that if an auditory signal may be placed either directly in front or behind an operator, the front position should be chosen.
With regard to the hand condition, the mean RT for the uncrossed hand condition (578 ms) was found to be significantly longer than that for the crossed hand condition (559 ms) (p < 0.01). This showed that the positioning of right and left hands on the rear and front keys respectively appeared to be the more 'natural' working posture in the longitudinal orientation testing. The significant interaction of signal position and response key position revealed that as for the transverse orientation, the main spatial S-R compatibility effect also existed for the longitudinal orientation. When a front auditory signal was given, subjects responded at 530 ms with the front key in the compatible S-R pairing and 591 ms with the rear key in the incompatible S-R pairing. Similar results were obtained for the compatible (539 ms) and incompatible (617 ms) spatial S-R pairing with a rear auditory signal. All the main factors tested in error percentage were non-significant (p > 0.05). It was speculated that this phenomenon was due to the difficulty of sound signal localisation in longitudinal orientations 5 . If the subjects took relatively longer time in deciding the sound source location, the variations due to time components and effects for other major testing factors would have become relatively trivial.
Discussion
Similar to the case of visual modality, a spatial stimulusresponse relationship can be formed in the auditory modality and such a stimulus-response correspondence plays an important role in S-R compatibility, leading to much faster responses and lower error rates. The results showed that the auditory S-R compatibility effect existed not only in the transverse orientation but also the longitudinal one. Compared with the spatially non-compatible conditions, the subjects required 19.7% and 11.4% less time to respond with compatible S-R pairings in the transverse and longitudinal orientation, respectively. Faster and more accurate responses were observed in transverse orientation testing than longitudinal one.
People usually localise auditory signals by comparing the time and intensity differences between the sounds reaching each ear. When the auditory signal is situated directly at the front or directly in the rear, it obviously presents some difficulty for subjects in determining its localization. This most likely accounted for the longer reaction times and lower response accuracies for longitudinal orientation testing.
Compared to a signal from the front, the transmission and reception of the rear auditory signal is slightly shadowed by the ear pinnas, causing a lower intensity level to be perceived. It had been reported that the louder the auditory signal is, the faster the reaction can be obtained 6 . This could provide an explanation as to why longer RTs were required for responses to the rear signal. The relatively shorter reaction times for the front signals clearly suggested that an auditory signal should be placed at the front rather than the rear position. The existence of a crossedhand effect was evident in both the longitudinal and transverse orientations, arising most probably from the comfort and ease of hand posture during operation. Disregarding the condition of S-R compatibility, subjects took longer to respond and made more errors with the less natural crossed -hand posture in the transverse orientation, possibly resulting from the mismatch of locational and anatomical codes 1 . However, in the longitudinal orientation, subjects responded faster in the crossed hand condition, countering the validity of our assumption of right hand-front and left hand-rear assignment for the two hands and indicating that the right and left hands should be assigned as the rear and the front hands respectively in the longitudinal orientation. For the transverse orientation, the dominant right hand always gave faster responses than the non-dominant left hand and reaction time was significantly slower with the one-second warning time condition and faster, but not significantly, with the three second warning. This result suggested the need to provide an alerting signal somewhat greater than one second and preferably at three seconds, before the presentation of the action signal in order to reduce reaction times.
Experiment 2
The second experiment investigated spatial S-R compatibility effect for visual and auditory signals presented on longitudinally and transversely oriented axes. In trials for the compatible S-R pairing condition and longitudinal orientation, visual signals were presented at the front positions and auditory signals at the rear positions ( Figure 2) . Hence, the front keys on the control box were assigned for responses to visual signals and the rear keys for responses to auditory signals. The assignment of response keys was reversed, i.e. front keys for auditory signals and rear keys for visual signals in the incompatible condition. In the transverse orientation, signals from the left/right side were responded by left/right side response keys respectively in the compatible condition. Keys on the opposite sides were pressed in the incompatible condition. So there were four spatial S-R mapping conditions viz. both transverse and longitudinal compatible (BC), transverse compatible and longitudinal incompatible (TC), longitudinal compatible and transverse incompatible (LC), and both transverse and longitudinal incompatible (BI).
All these spatial conditions were tested with two different hand conditions (uncrossed and crossed). In both transverse and longitudinal compatible mapping conditions, subjects were instructed to respond by pressing the FR key for the occurrence of right visual signal, FL key for the left visual signal, RR key for the right auditory signal, and RL key for the left auditory signal. The assignment of response keys for signals changed according to the spatial S-R pairing condition tested. In the uncrossed hand condition, the right index and middle fingers were positioned on the RR and FR keys respectively, and the left index and middle fingers were positioned on the RL and FL keys respectively. The fingers were positioned on the corresponding keys of the opposite sides in the crossed hand condition. The experimental start-up was similar to that of the first experiment except that either one of the visual or auditory signals would appear in a presentation.
Results of Experiment 2
Results showed that subjects responded faster to the visual signal than to the auditory one (p < 0.0001). The order of magnitude of the four overall mean RTs was right visual signal (736 ms), left visual signal (750 ms), right auditory signal (836 ms) and left auditory signal (867 ms). Duncan's test revealed that while response times for left or right visual signals were statistically equal, responses given to visual signals were significantly faster than that to auditory signals, and responses for right auditory signals were faster than for left auditory signals (p < 0.05). The overall mean RT for the uncrossed-hand condition (769 ms) was significantly shorter than that for the crossedhand condition (824 ms) (p < 0.0001). The results also showed that reaction times decreased with increase of warning time prior to stimulation. Subjects took the longest time (819 ms) to respond when the warning time was at one second. The significant interaction between signal position and response key position revealed a salient spatial S-R compatibility effect for this visual-auditory signals test (p < 0.0001).
When a left visual signal was given, subjects responded fastest (616 ms) with FL key in the compatible S-R pairing (both transverse and longitudinal compatible) and slowest (811 ms) with RR key in the incompatible S-R pairing (both transverse and longitudinal incompatible) (195 ms difference). And when a right visual signal was given, subjects responded fastest (612 ms) with FR key in the compatible S-R pairing and slowest (797 ms) with RL in the incompatible S-R pairing (185 ms difference).
Similar results were obtained for the compatible (733 ms) and incompatible (944 ms) spatial S-R pairing with a left auditory signal, and the compatible (702 ms) and incompatible (915 ms) S-R pairing with a right auditory signal. The BC mapping condition produced the shortest reaction time while the longest reaction time was obtained in the BI condition. The reaction times for the conditions LC and TC, in which compatibility existed in one orientation only, were intermediate and similar. The error data are consistent with the implications of the RT data.
Amongst the eight mean EPs, the most accurate condition was found in the both compatible-uncrossed hand condition (EP = 1%) while the least accurate condition was found in both incompatible-uncrossed hand condition (EP = 9.75%). These results indicated that the relative positions of signals and response keys influenced response accuracy as well as response time. The average EPs for the both compatible (BC) and both incompatible (BI) S-R pairings were 1.88% and 6.75% respectively, with a large difference of 4.87%.
Discussion
The results here demonstrated that salient spatial S-R compatibility effects existed in the dual-signal visual and auditory displays in the transverse and longitudinal orientations, leading to much faster responses and lower error rates. Compared with the spatially non-compatible BI condition, subjects required 22.9% less time and obtained 72.1% increase in accuracy in the compatible BC pairing.
Wickens 7 discussed the phenomenon of visual dominance such that 'if visual stimuli are appearing at the same frequency and providing information of the same general type or importance as auditory or proprioceptive stimuli, biases toward the visual source at the expense of the other two will be expected'. This provides an explanation for the longer RTs required for responses to the auditory signal than for visual ones found in this study. The existence of a crossed-hand effect was evident in this experiment, which was possibly due to the mismatch of locational and anatomical codes 1 for the responding hands. The effect of warning time was also evident, suggesting a warning period of two seconds or longer should be given to alert operators prior to the presentation of the operation signal asking for action.
Conclusions
A spatially compatible stimulus-response condition can improve reaction time and accuracy. Spatial compatibility effects will depend mostly on the correspondence between the relative positions of signal and response sets in, for example, a control console. The results of this study provide the following useful ergonomics design recommendations for human machine interfaces and should help industrial designers to develop effective and user-friendly interfaces, so as to improve overall system and equipment design and performance. 1. The spatial positions of signals should be compatible with the response key positions. 2. Auditory signals for soliciting specific responses or directional attention should not be positioned in a longitudinal orientation with respect to the subject. Signals placed in a transverse orientation will produce quicker and more accurate responses. 3. For faster responses, a visual signal is preferable to an auditory signal for requesting operator response on a control console. 4 . If an auditory signal has to be used, it should be positioned on the right hand side of right-handed operators for faster responses. 5. The layout of response keys on control consoles should be compatible with the hand positions of the operators. Designs requiring crossing the hands to respond should not be used. If operators are required to respond using front and rear keys on a horizontal plane, the right hand should be assigned to the rear key and left hand to the front key. 6. For faster reaction times, a fore period warning of at least two seconds should be given before signal presentation to alert the operator. This warning enables the operator to concentrate and prepare for the expected signals.
